Transparent conducting oxides combine high electrical conductivity with transparency to visible light. However, the large concentration of free electrons introduces a source of absorption that limits the transparency. Here, we evaluate the importance of phonon-assisted free-carrier absorption in SnO 2 completely from first principles. Our results show that absorption is modest in the visible and much stronger in the UV and infrared. We also provide insight into the mechanisms that govern absorption in different wavelength regimes. 1-3 The defining feature of TCOs is that they are electrically conductive while at the same time being transparent to visible light. This combination of properties can be achieved with heavily doped wide-band-gap oxides, such as In 2 O 3 , ZnO, and SnO 2 . While the band gaps of these materials are wide enough to prevent interband optical excitations for visible light (symbolically depicted in Fig. 1(a) ), the high carrier concentrations achieved by doping (on the order of 10 20 -10 21 cm
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[doi:10.1063/1.3671162] Transparent conducting oxides (TCOs) are a technologically important class of materials used as transparent contacts in optoelectronic devices such as flat-panel displays, touch screens, solar cells, and light-emitting diodes. [1] [2] [3] The defining feature of TCOs is that they are electrically conductive while at the same time being transparent to visible light. This combination of properties can be achieved with heavily doped wide-band-gap oxides, such as In 2 O 3 , ZnO, and SnO 2 . While the band gaps of these materials are wide enough to prevent interband optical excitations for visible light (symbolically depicted in Fig. 1(a) ), the high carrier concentrations achieved by doping (on the order of 10 20 -10 21 cm
À3
) enable a substantial electrical conductivity.
When discussing the transparency of TCOs, attention usually focuses on the band gap being wide enough to prevent electronic excitations from the valence to the conduction band by photons in the visible. However, the high concentration of free electrons introduces an additional source of absorption that limits the optical transparency. Free electrons can absorb light and undergo transitions from the conductionband minimum (CBM) to higher conduction-band states, leading to an absorption coefficient proportional to the density of free electrons, a ¼ rn, where n is the free-electron concentration and r the absorption cross section. Free-carrier absorption (FCA) can be significant at high carrier concentrations or for thick TCO layers and needs to be considered when designing TCO layers for devices. In contrast to other causes of light absorption in TCOs, such as imperfections of the material that introduce defect levels in the band gap, FCA is inherently connected to the presence of free electrons in the conduction band and cannot be eliminated by improving the quality of the grown material. FCA is therefore a fundamental source of optical loss in TCOs that imposes an ultimate transparency limit for each material. FCA is usually described based on the phenomenological Drude model and tends to be considered mainly in the infrared. Our results show, however, that FCA is by no means negligible at visible wavelengths.
In this work, we used first-principles computational methods to study FCA in n-type SnO 2 , a commonly used TCO material. The dominant absorption processes are indirect, mediated by the scattering of free electrons by lattice vibrations. Our results allow us to assess the significance of FCA as a source of optical absorption in TCO layers at IR, visible, and UV wavelengths.
The absorption of visible light by free carriers in SnO 2 cannot occur in a direct fashion but requires an additional scattering mechanism, such as the coupling of electrons to lattice vibrations, to provide the momentum needed to assist an indirect optical transition. Photons carry very little momentum compared to the dimensions of the Brillouin zone, hence direct optical transitions occur vertically in a bandstructure diagram. Inspection of the band structure of SnO 2 ( Fig. 1 ) reveals that the energy difference between the CBM and the next conduction band is more than 4 eV. Therefore, direct FCA of visible light is not possible in this material because no conduction-band states are available in the relevant energy range to accommodate the free electrons excited by vertical transitions [ Fig. 1(b) ]. On the other hand, optical absorption in the visible region can take place via indirect processes, as long as additional momentum is provided by a carrier scattering mechanism, such as the interaction of electrons with the lattice vibrations or with the charged donor ions responsible for the free carriers, to assist the transition [ Fig. 1(c) ]. Indirect FCA is usually described in terms of the phenomenological Drude model. The Drude theory is a semiclassical treatment of absorption involving a scattering-time parameter (s), which is usually fitted to reproduce experimental data. However, this empirical theory cannot be used for predictions and is limited to the long-wavelength regime where the assumptions of the model hold. Our first-principles approach overcomes these limitations of the Drude model and makes quantitative predictions for the magnitude and wavelength dependence of the absorption coefficient over a large wavelength range.
We evaluate the phonon-assisted FCA cross section based on second-order perturbation theory and Fermi's golden rule. 4, 5 The calculations 6 are performed using density functional theory within the local density approximation, 7 a plane-wave basis set, 8 and non-linear core-corrected normconserving pseudopotentials. 9 The band structure of SnO 2 a) Electronic mail: peelaers@engineering.ucsb.edu.
0003-6951/2012/100(1)/011914/3/$30.00 V C 2012 American Institute of Physics 100, 011914-1 APPLIED PHYSICS LETTERS 100, 011914 (2012) obtained with this approach is shown in Fig. 1 , where the band gap has been adjusted to the experimental value (3.60 eV) with a rigid scissors shift. The phonon frequencies and electron-phonon coupling matrix elements are obtained within density-functional perturbation theory 10 for points on a 20 Â 20 Â 30 grid in the irreducible part of the first Brillouin zone. In order to increase the accuracy for longer wavelengths, the grid is refined to a 60 Â 60 Â 90 grid for wavelengths longer than 700 nm. Figure 2 shows the FCA cross section r as a function of the photon wavelength for the two light polarization directions. At wavelengths longer than 600 nm, the absorption increases monotonically and the curves are almost linear on a log-log scale; the origins of this functional dependence will be discussed below. At wavelengths shorter than 500 nm, a distinct increase in absorption occurs, particularly for the perpendicular polarization direction. This increase in absorption arises from electronic transitions to states near the edges of the Brillouin zone and is mainly due to an increase in the electronic density of states. As the direct optical gap between the valence band maximum (VBM) and the CBM at 344 nm (3.6 eV) is dipole forbidden and direct allowed transitions only occur from lower valence bands for wavelengths shorter than 288 nm (4.3 eV), 11 this increase in absorption should show up in absorption spectra. The absorption enhancement at shorter wavelengths cannot be described by simpler approaches such as the Drude model and is a clear prediction of our first-principles approach. This result highlights the importance of using the proper quantum-mechanical description of free-carrier absorption and quantitatively predictive first-principles calculations to understand FCA for all spectral regions. For even shorter wavelengths, direct optical transitions from the CBM to the next conduction band are possible, but at these wavelengths interband transitions across the band gap dominate the absorption spectra.
Another important aspect of our calculations is that they provide insight into which mechanisms govern the dominant absorption processes. We find that the phonons that dominantly contribute to FCA at long photon wavelengths are the longitudinal optical (LO) modes, while visible-light absorption is mediated by short-range electron-phonon scattering for which all phonon modes are important. Coupling of electrons to LO phonons is usually described in terms of the Fröhlich model:
where x LO is the frequency of the LO phonons, q is the magnitude of the phonon wavevector, V cell is the volume of the unit cell, and e 1 and e 0 are the high-and low-frequency dielectric constants, respectively. We found that the Fröhlich model is quite accurate for long-range scattering (i.e., wave vectors near C) but is not appropriate to describe the shortrange electron-phonon coupling 13 as other phonon modes become important as well.
Nevertheless, the Fröhlich model allows us to understand the wavelength dependence of the FCA in the infrared (Fig.  2) , where the indirect absorption is assisted primarily by longrange LO phonons. In the case of a single, isotropic band, we can assume that the matrix elements depend only on the energies of the final states, and the absorption coefficient is approximately given by a
where E is the photon energy, v(E) and g(E) are the velocity and electron-phonon coupling matrix elements corresponding to indirect transitions of energy E, and D(E) is the density of states at energy E away from the band edge. 5 The conduction band is parabolic near the minimum at C, but at energies further from the band edge, non-parabolicity is pronounced. For photons in the 600-2000 nm range, the electrons get excited to bands that are linear with respect to the wavevector
The calculated absorption data in the 600-2000 nm range agree very well with this k 3 behavior (Fig. 2) and can be fit to derive analytical expressions. The fits in Fig. 2 are of the form ) are indeed very close to the analytically predicted value ðb ' 3Þ. The k 3 approximation breaks down at longer wavelengths (k > 3000 nm) as the electrons are excited to the parabolic region of the conduction band which will lead, following a similar derivation as above, to an exponent of 2.5.
Indirect optical transitions in TCOs can also be assisted by mechanisms other than electron-phonon scattering. High electron concentrations imply high concentrations of ionized donors. A full treatment will be reported elsewhere, but preliminary calculations show that for electron concentrations lower than 10 20 cm
, electron-phonon scattering is the dominant mechanism in the 300-6000 nm range.
FCA in TCOs is a mechanism that has been widely discussed at infrared wavelengths, but our present results indicate that it is by no means negligible at shorter wavelengths, where it may impact optoelectronic devices operating in the visible or UV. The free-carrier absorbance A(k) is proportional to the absorption cross section r(k), the carrier concentration n, and the thickness of the TCO layer L: A(k) ¼ r(k)nL. The FCA cross section of SnO 2 in the visible is on the order of 10
. For a typical n-SnO 2 transparent contact layer with a carrier concentration of n ¼ 10 20 cm À3 and a thickness of L ¼ 5 lm, the absorption loss for visible light is on the order of 0.5%. Note, however, that this loss increases by as much as a factor of 5 towards shorter wavelengths, still within the band gap of SnO 2 . With its 3.6 eV dipole-forbidden band gap, and a dipole-allowed gap at 4.3 eV, SnO 2 is in principle a candidate TCO for UV devices operating well into the UV, but our results indicate that FCA would become significant in that regime. The FCA cross section also increases towards the infrared (Fig. 2) , reaching a value of 2 Â 10 À18 cm 2 at telecom wavelengths (1.5 lm). With n ¼ 10 20 cm À3 and L ¼ 5 lm, we get an absorbance of about 10%, which would constitute a significant source of optical loss.
In summary, we have reported first-principles results for phonon-assisted light absorption by free carriers in n-SnO 2 , a typical TCO. Our calculated spectra provide quantitative details of FCA over a wavelength range from 300 to 6000 nm. Absorption is relatively weak in the visible but increases significantly both for shorter (UV) and longer (IR) wavelengths. Our work provides insight into the mechanisms that dominate FCA, and we have explained the k 3 dependence of the absorption coefficient over the 600-2000 nm wavelength range.
